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Introduction
Inorganic polymers and geopolymers, in particular, have 
been proposed in the literature as good alternatives for 
ordinary Portland cement (OPC) in terms of  CO2 foot-
print [1, 2]. Despite this general consensus, a wide range of 
impact values can be found in literature, which are not only 
dependent on the mixture, but also on the way of report-
ing the environmental impact [3]. Mostly, carbon footprints 
or global warming potentials are reported, which are based 
on a weighted summation of all greenhouse gasses emitted 
during the processing. The inorganic polymers outperform 
OPC on that aspect because of the high processing temper-
ature and  CO2 emitted during clinker production. It is how-
ever questionable if the inorganic polymer should be com-
pared to a CEM1 OPC. Several precursors that are used for 
inorganic polymers can also be used in blended cements. 
To that extent, if the fate of a material is to be decided, it 
seems more proper to compare the inorganic polymer with 
the corresponding blended cement (e.g. with equivalent 
compressive strength), and not CEM1 OPC. This is not the 
case for the selected material in this study, as it is not being 
used commercially in blended cements. Considering other 
environmental impact categories than the  CO2 footprint 
(abiotic depletion, eutrophication, etc.), inorganic polymers 
are less performant than OPC [4]. However, the wide range 
of existing impact categories renders the analysis complex 
and a straightforward conclusion, e.g. from the referred 
article of Habert and Ouellet-Plamondon [4], is not possi-
ble. Therefore, life cycle assessment (LCA) methodologies 
have been developed to combine all these impact categories 
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and normalize them to a single score. Well-known exam-
ples are the ReCiPe methods, which provide weighting fac-
tors to transform the impacts of endpoint or midpoint cat-
egories to this single score [5].
Mix-design of inorganic polymers to optimize their envi-
ronmental friendliness is not widely performed. Heath et al. 
[6] carried out a study of different formulations of clay-
based inorganic polymers and observed a maximum of 30% 
reduction in global warming potential for bentonite based 
meta-clay geopolymers. Their results suggested an optimal 
 SiO2/Al2O3 molar ratio of 3.5–4.0. For metakaolin-based 
geopolymers, this range shows an optimum for compres-
sive strength, as determined by Duxson et al. [7] and Liz-
cano et al. [8]. For iron-rich inorganic polymers from fay-
alitic (secondary copper) slag, investigated in the present 
paper, the  SiO2/Al2O3 molar ratio is irrelevant. The  SiO2/
M2O (M = K or Na) molar ratio of the activating solution is 
in this case more appropriate. Depending on the reactivity 
of the precursor, this ratio is found optimal from between 1 
and 2 [9] to above 3 [10].
In literature, several mix-design parameters and practi-
cal considerations that potentially lower the environmental 
impact of inorganic polymers are studied:
•	 Lower the activating solution/binder ratio [11]
•	 Lower the concentration of Na and/or Si in the activat-
ing solution [12]
•	 Use an alternative activator/alternative production route 
for the activating solution [2, 13–18]
•	 Use local resources [1]
The activating solution is generally considered as the 
main contributor to the environmental impact [1, 2, 6]. 
Therefore, most strategies for lowering the impact focus 
on the activating solution: use less solution, a lower con-
centrated solution, or an alternative to the pure sodium sili-
cate solution. The first option is not explored in the present 
paper because this option also decreases the workability of 
the mixture [11]. This leads to complications in the com-
parison, as differences in processing have to occur. Lower 
concentrations of Na and Si in the activating solution have 
been used by Kriskova et  al. [12] without a substantial 
loss of mechanical properties until an  H2O/Na2O molar 
ratio of at least 30.8. Alternative activators can be used to 
replace the activating solution, at least partially. Rice husk 
ash, sugar cane ash, or waste glass has been used to pro-
vide soluble silica for the activating solution [2, 13, 14]; a 
mixture of  K2CO3 and Ca(OH)2 has been used by Esaifan 
et al. [15] as an alternative route to produce a KOH solu-
tion. Sodium aluminate originating from a waste stream 
of chlorosilane production or from the Bayer-process has 
been used to activate a silica rich precursor [16, 17]. The 
use of biomass ashes from the cob of the maize plant as 
an activator to completely replace sodium/potassium sili-
cate was proven to be successful in previous work using 
traditional silicate sources (metakaolin) [18]. Apart from 
the mix design parameters discussed above, some practical 
considerations are essential for lowering the environmental 
impact of inorganic polymers. The importance of trans-
port in the environmental impact of inorganic polymers 
and, therefore, the importance of the use of local resources 
is mentioned qualitatively by Davidovits [3], Provis and 
Bernal [19]. They have also mentioned the importance of 
advancing technology for the production of inorganic poly-
mers as well as advances in enabling technologies like elec-
tricity production.
It is the aim of the present paper to perform a mix-
design to optimize the environmental impact of inorganic 
polymers. An iron-rich slag was selected, as this is cur-
rently not valorized in applications with added value. This 
kind of slag, which mainly consists of FeO and  SiO2 in an 
amorphous phase, was previously shown to successfully 
form inorganic polymers [20]. Starting from this iron-rich 
slag, two methodologies are followed: lowering the alkali 
content of the activating solution (using the same amount 
of water/slag, but different  H2O/Na2O molar ratios) and 
using an alternative alkali source, i.e. biomass ashes. The 
production of these ashes is increasing in volume because 
of the increasing use of biomass combustion for electricity 
generation. A cradle-to-gate LCA quantifies the environ-
mental impact using a ReCiPe normalization method and 
assesses the effectivity of the suggested routes. At the same 
time, the influence of location and technology on the envi-
ronmental impact is quantified by performing several sce-
nario analyses.
Experimental
Table  1 summarizes the compositions of the activating 
solutions and the mixtures investigated in this paper. The 
first five mixtures considered the dilution of the activating 
solution, the other three used biomass ashes as an alterna-
tive activator. The same maize cob ash as in previous work 
[18] is investigated. This ash mainly consisted of amor-
phous potassium silicate, providing a suitable activator 
for the synthesis of inorganic polymers. In both systems, a 
non-ferrous slag presented earlier by Onisei et al. [20] was 
used as an iron-silicate precursor. This slag is not valorized 
in cementitious materials today, although it has been dem-
onstrated (depending on chemistry and mineralogy) that 
it can behave as a pozzolanic or latent hydraulic material 
[21]. The aggregate/(slag + ash) mass ratio was constant for 
all at 2.4. This way, the same volume of aggregates/binder 
as in the standards for OPC mortar testing was kept, where 
an aggregate/OPC mass ratio of three is proposed. Using 
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the difference in bulk density between OPC and the slag 
powder, the mass ratio of 2.4 was obtained. Quartz sand 
with a particle size below 2 mm was used, according to the 
standard EN 196-1.
The  SiO2/Na2O molar  ratio was kept constant at 1.6 
based on preliminary experiments. A sodium-based acti-
vating solution had been selected because environmental 
databases are more accurate for sodium hydroxide/silicate 
with respect to potassium hydroxide/silicate. The amount 
of ash was derived from previous work [18], recalculating 
for the density difference between the slag used here and 
the metakaolin used there. The water/solid ratio was higher 
in these samples with respect to that of the sodium silicate 
activated inorganic polymers. This was needed to keep the 
same workability.
Mortars for compressive testing were mixed using 
a Hobart mixer, after which a jolting table was used 
for enhancing the flow of the material inside the mold. 
Between demolding and testing, the samples were stored at 
20 °C in airtight boxes, resulting in an environment of satu-
rated humidity. The compressive strength was measured 28 
days after synthesis on four samples of 4 × 4 × 4 cm³, using 
an Instron 5985 with a crosshead speed of 2 mm/min. For 
ordinary Portland cement, CEM I, a compressive strength 
of 52.5  MPa is assumed, which is the required strength 
after 28 days according to standards (EN 196). Densities of 
the mortars were measured geometrically. For OPC mortar, 
a value of 2200 kg/m3 [22] was used.
The above described experiments were designed to 
investigate the effect of the concentration of the activat-
ing solution and of the use of an alternative activator on 
the environmental impact of inorganic polymers. These 
impacts are compared with CEMI OPC as a reference.
Life Cycle Assessment
Goal and Scope
A comparative cradle-to-gate life cycle assessment (LCA) 
was performed on the mixtures in Table  1 along with a 
standard CEM I, based on the capacity to bear a vertical 
load of 10 MN. This force is translated into a material need 
by dividing it by the compressive strength after 28 days 
(MN/MPa = m²). This results in a needed surface of mate-
rial. To be able to compare the different mixtures, a con-
stant height of the hypothetical bricks that are compared 
needs to be assumed, which results in the material volume 
needed to bear the load of 10 MN. A height of 0.1 m is cho-
sen. The density of the mortars was used to transform the 
material need in volume to mass.
In the ordinary Portland cement mortar system (Fig. 1), 
the production of OPC powder was taken into account. 
Transport of the raw materials was performed by trucks. 
The transport of Portland cement was assumed to start at 
the cement distributor, which is not necessarily the same 
location as the production plant. The making of the mortar 
does not include energy for mixing or shaping; it only com-
poses the mortar mixture in the right ratios.
Figure 2 illustrates the different sub-processes needed 
to obtain sodium silicate activated inorganic polymer 
mortars. The slag used as a binder is nowadays used in 
low-added value applications (e.g. sandblasting < €50/
tonne), while the end-product is of higher value (non-
ferrous metals > €1000/tonne). Using economic alloca-
tion [23], the impact of the production of the non-ferrous 
slag can be approximately fully attributed to the metal. 
More recent literature mentions a different approach 
Table 1  Investigated mixtures  (SiO2/Na2O and  H2O/Na2O only con-
sider the activating solution; solid = ash + slag)
To the ash-slag one-part mixes only water was added
Sample name SiO2/Na2O 
(molar)
H2O/Na2O 
(molar)
Ash/slag 
(mass)
Water/
solid 
(mass)
16H2O 1.6 16 0 0.26
24H2O 1.6 24 0 0.26
32H2O 1.6 32 0 0.26
40H2O 1.6 40 0 0.26
48H2O 1.6 48 0 0.26
0.2 A – ∞ 0.2 0.28
0.4 A – ∞ 0.4 0.28
0.6 A – ∞ 0.6 0.28
Fig. 1  Overview of the ordi-
nary Portland cement system
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for calculating the environmental impact of ironmaking 
slag [24]. There, the environmental impact difference of 
increasing the amount of produced slag in a certain iron-
making facility is assessed. This environmental impact is 
then extrapolated to the actual amount of slag produced. 
A thorough knowledge of the slag production process and 
its mass balances is needed to enable the implementa-
tion of this method, which is not the case here. There-
fore, the reasoning of economic allocation is followed 
and the environmental impact of the production of slag 
is neglected. This reasoning would not be valid for the 
more frequently used by-products, e.g. blast furnace slag 
or fly ash. As they are used in a great extent in blended 
cements, they should be considered as a product and their 
production should be taken into account. The milling of 
the slag was included in the LCA to achieve a similar 
particle size distribution as cement.
An overview of the system of biomass ash activated 
inorganic polymers is provided in Fig.  3. Biomass ashes 
were also modelled as a waste, as it is not for the production 
of the ashes but for electricity generation that the biomass 
is burnt. A furnace treatment to decompose the carbonates 
and burn the remaining charcoal in the ashes is needed to 
increase the reactivity of the ashes.
Life Cycle Inventory
The inventory was gathered mainly from the GaBi database 
[25], with the addition of values from literature, experi-
mental data, and theoretical calculations. The processes 
can all be found in Figs. 1, 2 and 3. The information was 
gathered preferably based on Belgian data (otherwise EU, 
neighboring country, or global data, in that order of prefer-
ence). For transport, a diesel driven truck of category Euro 
4 was selected. The foreground data that could not be gath-
ered from the database or our own experiments was gath-
ered from literature or calculations. These data refer to:
•	 Waterglass (sodium silicate solution)
•	 Slag milling
•	 Ash calcination
The inventory of sodium silicate solution was based on 
Fawer [26], as is done in the EcoInvent database v2.0 [27]. 
Fig. 2  Overview of sodium sili-
cate activated inorganic polymer 
system. (Diesel was also used 
for transport with trucks, but 
the arrows were not provided to 
avoid overloading of the figure)
Fig. 3  Overview of the biomass 
activated inorganic polymer 
system. (Diesel was also used 
for transport with trucks, but 
the arrows were not provided to 
avoid overloading of the figure)
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Two production methods exist: a high-temperature pro-
cess (referred to as “furnace method” from now on), where 
sand is dissolved into molten soda, and a hydrothermal pro-
cess, where the sand is dissolved in a concentrated sodium 
hydroxide solution in an autoclave. Based on experience 
[Peys A, unpublished results.], slag milling was assumed to 
be similar in energy consumption to cement milling, which 
consumes about 20 kWh/ton according to literature [28–30]. 
Infrastructure and tools were neglected. The latter was not 
done for OPC. However, as milling infrastructure and tools 
did not provide a significant contribution to the impact, 
neglecting this for slag can still be defended. A calculation 
was performed to provide an estimation of the energy con-
sumption during the calcination of the biomass ashes. Using 
a heat capacity of 1 J/(g K) of the ashes, 0.75 MJ of energy is 
needed to heat 1 kg of ash up to 750 °C. This heat, compared 
to the reaction heat gained from burning the remaining char-
coal in the ashes (C + O2 = CO2, 33 MJ/kg C, calculated using 
HSC 6.1), is negligible. Therefore, as long as the ashes going 
to the furnace contain more than 2.3 wt% of C, the tempera-
ture of 750 °C can be sustained by the reactions themselves, 
with no need for extra energy sources. The ecological impact 
of infrastructure was neglected.
Impact Assessment
The systems were compared using ReCiPe midpoint catego-
ries for quantification of the impact starting from the inven-
tory, excluding biogenic carbon in the climate change cate-
gory. These categories are weighted using the Recipe Europe 
midpoint normalization looking from the hierarchist perspec-
tive to provide a common unit for comparison: person equiv-
alents weighted (PEW). This unit refers to the environmental 
impact of an average person per year (for the ReCiPe Europe 
normalization, an average European citizen, based on data 
from 2010). The ReCiPe method conforms to ISO 14040 and 
14044 standards [5].
The contributions to the total environmental impact of dif-
ferent sub-processes of the three studied systems (see Figs. 1, 
2, 3) are investigated to enable the use of a simple equation 
to calculate the environmental impact for different mixtures 
inside these systems (in PEW/10 MN). The transport distance 
will be assumed to be 100 km, a valid assumption in Flan-
ders, for all raw materials in the first study. Therefore, this 
distance is phrased per 100 km in the equations. Afterwards, 
this will be varied to investigate its influence.
1)EcoScore OPC
=
[
wt.% OPC × IOPC + wt.% sand × Isand
+
(
wt.% OPC × dOPC∕100 km + wt.% sand
×dsand∕100 km
)
× Itransport
]
×
휌mortar × 0.1 m
52.5 MPa
In these equations,  Ix refers to the environmental impact 
of sub-process × (PEW/kg),  dx refers to the distance to the 
supplier of substance × (km), ρmortar the density of the mortar 
(kg/m³), and σc, mortar the compressive strength of the mortar 
(MPa).
Results and Discussion
Contribution Analyses—Factors for the Equations
The environmental impact of the different sub-processes 
defined in “Life Cycle Assessment” is shown in Fig. 4, pro-
viding all midpoint categories. The difference between the 
different activating solution processing routes was immedi-
ately noticeable; the furnace route has a 50% higher impact 
than the hydrothermal route. Therefore, the furnace route is 
not investigated further or discussed in the present work, and 
it is not presented in Fig. 4.
It is clear that especially on the aspect of climate change, 
the production of OPC exceeds all other sub-processes. 
The only impact categories that are significantly in favor of 
OPC are freshwater ecotoxicity/eutrophication and ionizing 
radiation.
The values for a selection of midpoint categories as well 
as an aggregated single score are provided in Table 2. The 
aggregated single score is the sum of all impact categories 
displayed in Fig. 4. Other midpoint categories will not be dis-
cussed from this point onwards, but results of these are pro-
vided in the supplementary information. The impact of the 
sodium silicate solution is recalculated to its dry content. This 
2)EcoScore IP
=
[
wt.% slag × Imilling + wt.% sand
×Isand + wt.% activating solution x
(1 − wt.% water in solution) × Isolution
+
(
wt.% slag × dslag∕100 km
+ wt.% sand × dsand∕100 km
+ wt.% activating solution
×(1 − wt. % extra water added)
×dsolution∕100 km
)
× Itransport
]
×
휌mortar × 0.1 m
휎c, mortar
3)Ecoscore biomass activated IP
=
[
wt.% slag × Imilling + wt.% sand × Isand
+ wt.% biomass ash × Icalcination
+
(
wt.% slag × dOPC∕100 km + wt.% sand
×dsand∕100 km + wt.% biomass ash × dash∕100 km
)
×Itransport
]
×
휌mortar × 0.1 m
휎c, mortar
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enables the calculation of the impact for different  H2O/Na2O 
molar ratios without the need of GaBi software.
Using the factors from Table  2 in the equations 
of   the  “Impact assessment” section, the environmental 
impact of inorganic polymers can be calculated for all mix-
tures presented in the “Experimental” section.
Environmental Impact and Sensitivity Analysis
The equations are used to calculate the impact per 10  MN 
load bearing capacity of the different mixtures of Table  1, 
assuming all the raw material suppliers are at 100 km from 
the mortar mixing plant. The results are shown in Table 3. 
Fig. 4  Environmental impact of 
the different sub-processes, sub-
divided into midpoint catego-
ries. The units are normalized 
to person equivalents weighted 
(PEW) to be able to compare 
the different categories. For the 
transport, 100 km was consid-
ered. A logarithmic scale for 
the y-axis was needed because 
of the large differences between 
the different sub-processes
Table 2  Contributions of the 
raw materials and transport 
to the environmental impact 
(in mPEW/kg, factors  Ix in 
equations 1–3) of the respective 
raw materials. Considering the 
sodium silicate solution, dry 
refers to the fact that the impact 
is rescaled to the dry content
Raw material Climate change 
(mPEW/kg)
Fossil depletion 
(mPEW/kg)
Freshwater ecotox-
icity (mPEW/kg)
Single score end-
point (mPEW/
kg)
Ordinary Portland cement 0.0807 0.0530 0.0019 0.3355
Sodium silicate solution 
 (SiO2/Na2O = 1.6,  H2O/
Na2O = 16, hydrothermal)
0.0181 0.0459 0.0106 0.1560
Sodium silicate solution, 
dry  (SiO2/Na2O = 1.6, 
hydrothermal)
0.0512 0.1297 0.0300 0.4406
Ash (calcination) 0 0 0 0
Slag (milling) 0.0004 0.0010 0.0004 0.0039
Sand aggregates 0.0002 0.0004 0.0002 0.0037
Transport (by truck) 0.0013/100 km 0.0031/100 km 0.0002/100 km 0.0080/100 km
Table 3  Compressive strength and environmental impact of the inorganic polymers and Portland cement mortar
The single scores are presented relative to OPC for easier comparison. The mass needed to provide the same load bearing capacity of 10 
MN/10 cm is mentioned. The 90% confidence intervals extracted from the compressive strength tests are mentioned
System Compressive 
strength (MPa)
Equivalent 
mass (kg)
Climate change 
(mPEW/10 MN)
Fossil depletion 
(mPEW/10 MN)
Freshwater ecotoxicity 
(mPEW/10 MN)
Single score 
endpoint (% of 
OPC)
OPC mortar 52.5 4.19 0.081 0.062 0.003 100
16H2O 44.2 ± 0.8 5.80 0.019 0.046 0.008 43.8 ± 0.8
24H2O 46.4 ± 0.7 5.51 0.014 0.035 0.006 32.9 ± 0.6
32H2O 30.2 ± 0.4 8.47 0.018 0.045 0.008 41.6 ± 0.6
40H2O 6.1 ± 0.5 41.90 0.082 0.203 0.033 187.8 ± 15.3
48H2O 4.0 ± 0.2 64.00 0.122 0.295 0.047 272.5 ± 13.6
0.2 A 15.9 ± 2.6 16.06 0.021 0.048 0.006 42.8 ± 7.1
0.4 A 16.4 ± 0.6 15.63 0.020 0.047 0.006 42.2 ± 1.4
0.6 A 11.9 ± 1.0 21.59 0.027 0.064 0.007 58.9 ± 5.1
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A dramatic decrease in the impact on climate change can 
be observed when comparing OPC mortars to the inorganic 
polymers 16-24-32H2O and to the ash activated inorganic 
polymers. Lower  H2O/Na2O ratios were ineffective because 
the compressive strength was lowered to a great extent, com-
pensating for the lower use in alkalis. With respect to fossil 
depletion, the 16-24-32H2O and 0.2–0.4 A samples are also 
the best performant. Only on the aspect of freshwater eco-
toxicity the inorganic polymers performed poorly, which was 
expected from Fig. 4 and Table 2. However, the absolute val-
ues in this impact category are lower. Therefore, when cal-
culating an aggregated single score, the inorganic polymers 
16-24-32H2O and biomass ash activated samples 0.2–0.4 A 
still have the lowest impact. Using an activating solution with 
an  H2O/Na2O molar ratio of 24 can lower the environmental 
impact to 32.9% of the impact of OPC. The use of biomass 
ashes as alternative activator reduced the impact to 42.2% 
(ash/slag = 0.4). It should be noted that the higher impact of 
biomass ash activated with respect to sodium silicate acti-
vated inorganic polymers originates from the lower strength. 
For non-load bearing applications, biomass ash activated 
inorganic polymers would be the option with the lower envi-
ronmental impact.
The sensitivity of several input data is explored by vary-
ing these parameters by 10 and 20% (Fig.  5). This shows 
the possible error that can be made on the environmental 
impact by errors in the estimation or measurement of the 
input data. The sensitivity of the input values of the energy 
of the production of sodium silicate and the milling of the 
slag was low. Because of the direct relation of the compres-
sive strength with the environmental impact, changing the 
strength by X% will change the impact by the same X%. 
The 90% confidence intervals derived from strength meas-
urements on four samples are, therefore, added in Table 3. 
This sensitivity on compressive strength shows the impor-
tance of further research to tune the mechanical properties 
of both systems.
The effect of the transport distance is also significant. 
This transport distance can vary drastically and is, there-
fore, investigated in more detail in Fig.  6, comparing 
Fig. 5  Sensitivity analysis of selected parameters for single scores of  24H2O (a) and 0.4 A (b)
Fig. 6  Influence of the average transport distance on the environmen-
tal impact of inorganic polymers and Portland cement mortar
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the effect on the Portland cement mortar system and the 
optimal inorganic polymers  (H2O/Na2O = 24 and ash/
slag = 0.4). The impact of biomass activated inorganic 
polymers was more dependent on the transport distance 
in comparison with the impact of the sodium silicate 
inorganic polymers. Because of the lower compressive 
strength of the 0.4 A, more material is needed to provide 
the same load bearing capacity. More material needs to 
be transported, resulting in a higher absolute contribu-
tion of transport in the environmental analysis. There-
fore, the transport distance is the important factor in the 
environmental impact of biomass activated inorganic 
polymers.
The differences in sensitivity and the large contribution 
of transport stress the need for the use of local raw materi-
als for inorganic polymer synthesis and the importance of 
considering the transport distance in LCA analyses.
Location Specific Analyses
The section above showed that the analysis is very depend-
ent on the location of the raw material producers and no 
generic conclusions can be drawn from the environmental 
analyses. Therefore, a set of cities in Flanders is chosen 
to investigate this dependence on location in detail. Four 
major cities were selected, along with locations of the main 
raw material suppliers (sand/slag producers). The environ-
mental impacts of the mixtures from Table  1, excluding 
those that did not prove to be promising from Table 3, are 
compared in Fig. 7.
It is clear that the inorganic polymer systems outperform 
OPC everywhere, showing 17–47% of the impact. Interest-
ingly, the relative scores of  24H2O and 0.4 A are depend-
ent on the location because of the relative contributions of 
transport in the environmental analysis shown in Fig. 6 and 
discussed in the previous section. The lowest scores are 
found at the sand quarry (in Mol). Because sand represents 
Fig. 7  Adapted google maps view of Flanders with indications of cities selected for the analyses and locations of the raw materials suppliers
Table 4  Single score 
environmental impact in % of 
OPC with an average transport 
distance of 100 km in four of 
Flanders’ large cities (Ghent, 
Antwerp, Brussels, Hasselt) and 
the main raw material suppliers: 
non-ferrous slag (Beerse, Olen) 
and sand (Mol)
Mixture Ghent Antwerp Brussels Hasselt Beerse Olen Mol
OPC 100 97 100 95 96 95 93
16H2O 45 38 42 36 34 33 32
24H2O 35 28 32 26 25 24 23
32H2O 44 35 40 32 29 29 27
0.2 A 47 31 41 28 22 20 17
0.4 A 44 29 39 28 22 20 17
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the main mass of the mortar, this location represents the 
minimal amount of ton.km transport, resulting in the lowest 
environmental impact.
Scenario Analysis: Green Electricity
The analyses in Tables 3 and 4 all considered historic data 
on the production of the activating solution, electricity, 
etc. This approach is criticized as technology advances [3]. 
Therefore, the following scenario analyses (see Fig. 8) the 
use of a more green source of electricity for the produc-
tion of the sodium hydroxide, implemented here as electric-
ity from wind energy. This replaces the standard electricity 
production method used in the GaBi database for sodium 
hydroxide production: the average German production mix.
The use of wind energy has a huge effect on the envi-
ronmental impact of sodium silicate activated inorganic 
polymers (Fig. 8), resulting in an impact of 8% of that of 
OPC (compare with 23% using current electricity produc-
tion mix).
The impact of the activating solution in the hydrother-
mal processing route is mainly caused by the produc-
tion of sodium hydroxide (82%), which on its turn mainly 
originates from the intensive electricity consumption in 
the chloralkali process [31], as is illustrated in Fig.  9. 
Therefore, the main contributor to the impact of sodium 
silicate activated inorganic polymers was electricity, which 
explains the effectiveness of using wind energy. Similar 
conclusions were drawn by Habert and Ouellet-Plamondon 
[4] on the effectiveness of changing the energy source for 
the calcination of metakaolin for lowering the environmen-
tal impact of geopolymers.
Following the results of the present paper, suggestions 
can be formulated to minimize the environmental impact of 
inorganic polymers. In the production of the sodium sili-
cate, it is beneficial to perform this via the hydrothermal 
route, as the furnace route shows a 50% higher impact. 
The large contribution of electricity in the production of 
the activating solution causes the environmental impact to 
be highly dependent on energy technology. A transition to 
green energy causes a significant drop of the impact. For 
the same reason, the environmental impact can be lim-
ited by the substitution of NaOH, eliminating the use of 
the electricity in the chloralkali process. Possible alterna-
tives are the presented maize ashes, the  K2CO3/Ca(OH)2 
mixture from Esaifan et al. [15], or the sodium aluminate 
from Gluth et al. [16] and van Riessen et al. [17]. The intro-
duction of silicates in the NaOH for the production of the 
activating solution does not show a large contribution, thus 
substitution of sand for rice husk ash or sugarcane straw 
ash, as presented by Melado et  al. [2], Tchacouté et  al. 
[13], and Moraes et al. [14] does not provide a substantial 
Fig. 8  Future scenario analyses in Mol for  24H2O comparing the 
current state of technology with a scenario using wind energy for the 
production of sodium hydroxide (Wind E). The results are shown rel-
ative to OPC
Fig. 9  Contribution analysis of hydrothermally produced sodium sil-
icate and sodium hydroxide (*estimation based on Thannimalay et al. 
[30]). The contributions in sodium hydroxide are normalized to 95% 
to fit the contribution of sodium hydroxide in sodium silicate. There-
fore, the electricity contribution in sodium silicate is directly visual-
ized
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reduction of the environmental impact. Finally, lowering 
the concentration of the activating solution showed to be 
successful. However, care should be taken that the proper-
ties are maintained.
The limits of the calculations of the present paper should 
be stressed to avoid faulty conclusions and wrong use of 
the presented data. The analyses do not include consequen-
tial LCA and are limited to the production of the mortars, 
no use or end-of-life phase in incorporated. Transport is 
only incorporated as road transport, while it would be inter-
esting to see the influence of different methods of trans-
port. The values presented in Table 4 are only valid for the 
Flemish situation sketched in Fig. 7. However, they can be 
extrapolated easily to other locations by using the proposed 
equations.
Conclusions
The environmental impact of inorganic polymers from non-
ferrous slag was assessed and minimized. An equation, 
summarizing the different contributions, eased the calcula-
tions for different mixtures. Using sensitivity analyses, the 
impact was shown to be most dependent on compressive 
strength and transport distance. The importance of trans-
port distance shows the need for local analyses, which are 
performed for Flanders.
The optimal inorganic polymers had an  H2O/Na2O 
molar ratio of 24 or an ash/slag mass ratio of 0.4. The envi-
ronmental impact was the lowest for the city of Mol, 23 
and 17% in comparison with OPC, respectively, as the total 
amount of ton.km transport was the lowest.
Scenario analyses revealed an even higher potential 
environmental impact drop when using a green source of 
electricity (wind) in the chloralkali process for the produc-
tion of sodium hydroxide. An environmental impact of 8% 
with respect to OPC was observed when using wind energy 
for the generation of electricity (for the activating solution 
with a molar ratio  H2O/Na2O of 24 and for Mol), compared 
to 23% with the current electricity production mix. A con-
tribution analysis on the sodium silicate solution showed 
the large influence of sodium hydroxide (82%). Therefore, 
the environmental impact is much more dependent on the 
sodium than the silica content of the activating solution.
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